MOST MODERN PHYSIOLOGICAL research is performed within a biomedical context, relying on a reductionist approach that favors mechanistic understanding of a phenomenon based on underlying processes and structures and relying on model study systems, such as cell culture and/or a small number of model organisms (e.g., rodents, rabbits, pigs, etc.). This article presents complementary ecological perspectives on digestive physiology in particular, that are advanced through research on quite different kinds of animals, mainly wild birds. The utility of working with nonstandard organisms was recognized nearly a century ago by August Krogh who wrote "there will be some animal on which a mechanism can be most conveniently studied" (51) . Many physiologists value Krogh's maxim for providing relevance for research on nonstandard organisms. In analogous fashion, ecological physiology, which can be considered the application of physiological concepts and tools to study performance of individuals in relation to their natural environment, provides another type of relevance for research in physiology. It does so by linking physiology to other applications valued by citizens in our society in addition to biomedicine, such as understanding ecological toxicology, maintaining ecological services, and managing and conserving species.
Digestive physiology is very well suited to this kind of linkage. The processes involved in extracting energy and nutrients from food influence energy and material fluxes at the individual, population, and hence ecosystem levels. An individual's efficiency of extraction (the proportion absorbed/ consumed) on a particular food is inversely related to its required foraging time (34) , a major behavioral feature of wild animals, and influences the individual's food choice and hence dietary niche. The extractive processes expose animals to natural toxins in their foods as well as to food-borne anthropogenic toxicants.
In the following two sections, some of these ecological impacts of digestive physiology are expanded upon. The examples underscore a specific role for a whole organismal perspective in modern biology. Although we are certainly entering an era in which genomic information will be vast, the integrative, organismal perspective will remain essential for translating or transducing genomic knowledge into the aforementioned ecological and biomedical applications. In preparing this overview, I have relied on work from our laboratory as well as related work by others, which is also expanded upon in recent reviews (39, 40, 65) .
Matching Digestive Physiology to Diet and Feeding Ecology
A priori expectations: digestive system design is in accord with the economy of nature. The digestive system is costly to run. It has been estimated that a vertebrate's digestive tract and liver may account for 20 -25% of the whole animal metabolic rate in small mammals (10, 63) . Within rodent and avian species, increases in size of the alimentary organs are associated with increases in basal metabolic rate (45, 76) . Because of these costs, fitness advantages should lead to the size and performance of birds' digestive systems to be matched to food intake and quality (39) . For example, for dietary components such as nonstructural carbohydrates (e.g., sugars, starch), protein, and lipids one expects a positive relationship between their level in the natural diet and the presence or amount of gut enzymes and transporters necessary for their breakdown and absorption (36, 39) . Reasons to expect the match include that if birds that forage for starchy seeds, for example, lacked high maltase activity, their food would go partly undigested and they would waste their efforts. No one has tested whether maltase is rate-limiting for monosaccharide absorption in birds, but such rate-limitation has been shown for sucrase activity in hummingbirds (67) and for lactase in mammals. Also, animals might maintain a "reserve digestive capacity" or "safety margin" (23, 25) . On the other hand, if a bird forages little for starchy materials, then it is not worth the synthesis costs to produce intestinal maltase glucoamylase, and/or, as suggested by Jared Diamond (24), there is not even sufficient space on intestinal membranes once they are populated with the enzymes and transporters necessary to digest and absorb the primary dietary substrates. As expected, maltase activity in the small intestinal brush border appears to be strongly influenced by diet among bird species. Nectarivorous and omnivorous species, compared with insectivore/carnivores, have higher maltase and/or sucrase-isomaltase activities (the two activities are typically correlated) (64) and higher pancreatic amylase (37) . We recently confirmed these patterns for all three enzyme activities using a phylogentically informed comparison among six passerine species that consume diets with differing amounts of starch (43) .
Results like these, while expected, do not answer the question of whether the pattern that is observed is necessarily appropriate for digesting the diet; that is, does it really matter functionally? We have explored that question with diet switches in whole animal feeding trials (2, 41, 58) . For example, we habituated warblers (Dendroica spp.) to artificial diets based on either sugary fruit, high-protein insects, or high-fat seeds and then switched them quickly to alternative diets (2) . Warblers habituated to fruit diet were very efficient (Ͼ90%) digesting sugar, fruit's main substrate, but they were inefficient digesting a radiolabeled lipid (glycerol trioleate) incorporated into their diet (Fig. 1) . Warblers that were switched from the fruit diet to the high-fat seed were not immediately well matched digestively and were initially inefficient digesting radiolabeled lipid. They become better matched to lipid after several days of acclimation when their retention time also became longer. Fat in the lumen may be the signal, triggering secretion of hormones, such as cholecystokinin that slow down smooth muscle activity and slow digesta transit (37) . Furthermore, warblers also increased pancreatic lipase levels when acclimated to high-fat diet (59) .
Differences such as these provide a physiological basis for what community ecologists call niche partitioning (71) . This is evidence of tradeoffs in digestive features that preclude doing well on all possible substrates with a single digestive design. There are many types of potential foods in the environment, and animals cannot really master all of them, at least not at the same time. So, there is selection for specialization, with the result that species become defined by particular feeding niches, and the number of species in a community is defined partly by the number of possible niches (71) . When digestive features are not well matched to diet, digestion is inefficient. These data are for yellow-rumped warblers switched from a fruit-based diet (to which they were habituated many days) to a high-fat seed diet. Dietary matching of maltase activity during development in birds. Many birds are fed mainly insects when they are very young, and then are weaned onto the adult diet. We characterized the basic ontogeny of digestive structure and function in two useful models of altricial development, house sparrows (Passer domesticus) (7), which undergo a natural switch from insects to starch-containing seed diet during development, and zebra finch (Taeniopygia guttata) (8) , which have a relatively fixed seed diet during development. We tested during their development whether the timing or magnitude of expression of intestinal morphology and biochemistry (hydrolysis and absorption) are hard wired or altered when the diet carbohydrate content is increased. In house sparrow nestlings, intestinal maltase activity increased with age even in nestlings raised on carbohydrate-free diet, but inclusion of 25% starch in the diet more than doubled (P Ͻ 0.001) the activity by age 12 days [ Fig. 2A ; (7)]. The observed plasticity in house sparrow fledgling maltase activity was specific (e.g., no significant change in aminopeptidase-N activity in the same tissues) and was completely reversible, as indicated by large increase in maltase in nestlings originally fed 0% starch but switched to 25% starch and decrease in the alternate group switched to 0% starch [ Fig. 2A ; (44)]. Induction of maltase and sucrase-isomaltase by dietary starch and sucrose has been shown also in mammals (e.g., rats, mice, humans) and other birds (e.g., turkeys, chickens) (37), but it is not uniform across all taxa, as discussed below.
To analyze the gene expression underlying this flexibility, we designed several primers for zebra finches, whose genome is already partially sequenced, using predicted sequences of maltase-glucoamylase, sucrase-isomaltase, and SGLT1 (the Na ϩ /glucose transporter) genes for chicken and selected those pairs that produced fragments with the highest percentage of homology to the zebra finch genome. The same procedures were performed for house sparrows. The sequences for disaccharidases and the corresponding primers, and also for the Na-glucose cotransporter SGLT1 of Teniopygia gutta and P. domesticus, were published at the GenBank, accession numbers: EU855810, EU855809, EU855811, GQ919053, GQ919054, and GQ919052, respectively. According to this and other nucleotide sequence databases, we are the first to develop molecular tools for passerines birds for measuring mRNA of intestinal proteins. Using qPCR we found that the up-and downregulation of maltase activity by dietary carbohydrate correlated with a significant increase and decrease in mRNA for maltase-glucoamylase (Fig.  2B) , which is consistent with transcriptional regulation as found in rodents (13) .
This reversible flexibility must be very important in allowing successful reproduction in many environments where food resources may differ and change over time. Not all birds have this flexibility. For example, in contrast to house sparrow nestlings, intestinal maltase activity in dietary specialist zebra finch nestlings was not significantly influenced by dietary carbohydrate level (8) , and, in fact, they could not grow and survive on the range of diets like a house sparrow could. It is intriguing to think that this flexibility might be important in making the house sparrow a highly invasive species. It is also interesting that adult house sparrows do not show the same flexibility as the nestlings. As we develop more molecular tools, we may be able to answer in the future how this regulatory ability turns off in the adults.
Paracellular absorption: a supplementary pathway in small birds. Although nestling house sparrows proved adept at modulating intestinal maltase in relation to dietary starch, there was no significant change in mRNA for SGLT1, the Na ϩ -glucose cotransporter (Karasov WH, unpublished data). Also, in earlier (pre-1996) studies with adult house sparrows and adults of three other avian species we failed to find induction of active glucose transport in birds fed high-vs. low-starch diet (11). Concurrent with those earlier studies, John Pappenheimer and colleagues were reporting results on a passive, paracellular Fig. 2 . Developmental and diet-induced changes in house sparrows' midintestinal maltase activity (A) and mRNA for maltase-glucoamylase (B). Nestlings were collected in the wild on day 3 posthatch and subsequently hand fed with either carbohydrate-free diet (0% starch; OE) or diet with carbohydrate (25% starch; ) until day 30 (lines a and b) or were switched to alternate diets on day 12 (lines c and d). Maltase activity (A) was measured as described previously (7) . B: following procedures in Ref. 9 , quantification cycle (Cq) data from quantitative PCR runs were normalized to reference genes (␤-actin and GDPH; Cq norm ϭ CqMG Ϫ [1/n ⌺iϭ1 Cqref Ͻ!----Ͼgene(i)], where MG is maltase-glucoamylase), and were relativized according to NRel ϭ 2 (Cq mean Ϫ Cq) , where NRel is normalized Cq data expressed as a quantity relative to the mean of all normalized Cq values. To meet ANOVA assumptions mRNA data were natural log transformed. A 1-way ANOVA was used to contrast the 6 mean values shown as filled and unfilled circles. Within the image, points that share the same Greek letters do not differ significantly in mean value. (Karasov WH, unpublished data.) Review R278 DIGESTIVE PHYSIOLOGY: FROM MOLECULES TO ECOSYSTEM route for absorption of water-soluble compounds (72) (73) (74) (75) . Paracellular absorption involves movement of hydrosoluble solutes through the tight junctions adjoining cells by diffusion or by the process of solvent drag (75) . Pappenheimer suggested that this route provided an alternative mechanism for achieving a match between dietary solute load and intestinal absorption besides modulation of glucose transport activity. Na ϩ -coupled glucose and amino acid absorption work in conjunction with paracellular absorption (i.e., no predicted trade-off) to increase permeability of the paracellular pathway (14, 75, 77, 81, 82) and recover glucose/amino acid that leaks back from blood. Consequently, we began to collect data on the magnitude of paracellular absorption in birds (3, 11, 35) .
This passive route is quantitatively important in some species. For example, we measured absorption of total (mediated ϩ passive) D-glucose or 3-O-methyl-D-glucose and passive L-glucose (the stereoisomer that does not interact with the glucose transporters) in intact animals by a standard pharmacokinetic methodology [e.g., (14, 35, 54, 56) Fig. 3 ]. The 3-O-methyl-D-glucose is an actively transported but nonmetabolizable analog of D-glucose, and in the experiment shown in Fig. 3 its fractional absorption did not differ significantly from that of D-glucose. L-Glucose absorption is nonmediated, i.e., not inhibited by itself or D-glucose (14, 56) . Based on simultaneous measures with both D-and L-isomers, L-glucose can account for the majority (range, 50 to Ͼ90%) of glucose absorption in four avian species (16, 66; Karasov WH, unpublished observation) (Fig. 3) . But, in analogous studies in rats (83) , dogs (53) , and humans (26) L-glucose, and hence passive absorption, is quantitatively much less important, which suggests a possible phylogenetic difference.
In both nonflying eutherian mammals and avian species, the paracellular route of passive absorption of water-soluble compounds has been visualized by either autoradiography (62) or confocal laser microscopy (15, 42) . Intestinal paracellular absorption in nonflying mammals and birds appears to be qualitatively similar in regard to molecular size selectivity, as characterized, using a series of nonelectrolyte water-soluble probes that differ in molecular dimension (17, 30; Fig. 4A ) and in charge selectivity as characterized using relatively inert charged peptides (18, 32) . Quantitatively, paracellular absorption is at least twice greater in small birds (Ͻ400 g) than in nonflying mammals (Fig. 4A) , with the difference declining with increasing body size (54) . Notice that the differences in paracellular absorption between birds and nonflying mammals do not extend to absorption generally. For example, whereas the nonflying mammals had relatively low fractional absorption of L-arabinose, their absorption (measured by our standard protocol) of 3-O-methyl-D-glucose, a nonmetabolizable analog of D-glucose that is actively as well as passively absorbed, was high and not significantly different from that of birds (Fig. 4A) .
The difference in paracellular absorption between birds and nonflying mammals is not simply explained by mediated absorption in birds of the carbohydrate probes that are presumed to be absorbed passively. In studies using radiolabeled L-glucose and L-arabinose, we have failed to find evidence that their uptake by intestine in vitro is inhibited by high concentrations (50 to 100 mM) of unlabeled L-glucose, L-arabinose, L-rhamnose, or D-glucose (56) , which makes it unlikely that their absorption is carrier mediated. Nor is the difference in paracellular absorption between birds and nonflying mammals explained by longer retention of digesta in the gut of the former relative to the latter. Avian species typically have shorter mean retention time of digesta than do similar-sized nonflying mammalian species (65) . Because birds typically achieve higher paracellular absorption with less intestinal length and surface area than do similar-sized nonflying mammals, there apparently are differences in intestinal permeability per unit intestinal tissue. We confirmed this in a comparison of pigeons and laboratory rats. Under similar recirculating duodenal perfusion conditions, we found that anesthetized rats and pigeons absorbed D-glucose at a comparable rate, but that pigeons had significantly greater (Ͼ2 times higher) absorption of inert carbohydrate probes (56) . We cannot yet link the difference to differences between mammals and birds in solvent drag because it is so difficult (27) to distinguish between water absorbed by the paracellular route vs. aquaporins, which occur in intestine of both mammals and birds (33) .
Enhanced paracellular absorption may have evolved as a compensation for smaller intestinal size in birds compared with nonflying mammals. In a phylogenetically informed allometric analysis we found that flying birds had shorter intestines and about 36% less nominal small intestine surface area (area of a smooth-bore tube) compared with nonflying mammals (P Ͻ 0.001) (Fig. 4B) (55) . Small intestine volume, a direct function of tube length and area, and consequently the potential mass of digesta carried, was relatively smaller in birds, by 32% (P Ͻ 0.001). The difference in intestinal surface area between birds and nonflying mammals did not depend on diet in the analysis. (Diet did have a significant effect on gut size, but the effect was on cecal and large intestine size).
If there has indeed been natural selection for smaller intestinal size in fliers and increased paracellular absorption as a compensation, then we should expect to find the same patterns found in flying birds vs. nonflying mammals in a comparison within mammals between fliers (i.e., bats) and nonfliers. We have preliminary evidence that this is the case (12), but more extensive sampling is necessary. The study of very high levels of paracellular absorption in bats, and of some of its cellular and molecular correlates, will advance knowledge in this field, which is at a relatively early stage. For example, the permselectivity barrier in the tight junction, and its pores (which may be tortuous channels), are formed by strands of adhesive transmembrane proteins (claudins, occludin, and junctional adhesion molecule) that extend into the paracellular space. Although all of these proteins can mediate cell-cell adhesion, for a number of reasons the claudins are thought to form the main permeability barrier (5, 84) . Claudins are a protein family with at least 24 members in mammals, and differences in the density and/or tortuosity of strands and/or in the combinations and mixing ratios of members of the claudin family of proteins are thought to determine the barrier properties of tight junctions (4). How claudins interact at the molecular and structural level to seal the paracellular cleft and to form pores is still largely unsolved (50) . In an apt analogy, Van Itallie and Anderson (84) point out that researchers are in a phase of "molecular bird-watching" regarding our understanding of the roles of individual claudins. Researchers have highlighted the need to study these proteins in different expression systems (4, 6) , including in different species, because the patterns of presence/absence of specific proteins lead to different phenotypes in different animal models. Comparative studies, in accord with the August Krogh principle, have transformed other areas of physiology.
Digestive Physiology and Ecotoxicology
Paracellular absorption and natural water-soluble toxins. It is to be expected that hydrosoluble toxins that are not too large in molecular size will also have access to the paracellular P P P P P P Fig. 4 . A: fractional absorption of water-soluble carbohydrates by intact birds (, solid line) and nonflying eutherian mammals (OE, dashed line). Arabinose, rhamnose, cellobiose, and lactulose are inert, nonactively transported compounds, whereas 3OMD-glucose is not metabolized but is actively, as well as passively, absorbed. Fractional absorption of the passively absorbed probes (P) declined with increasing molecule size and differed significantly between the 2 taxa (T), although the difference diminished with increasing molecule size. In contrast, absorption of 3OMD-glucose did not differ significantly between the taxa. The interpretation is that species in both groups absorb most glucose, but that birds relied more on the passive, paracellular route. MW, molecular weight. Data and sources are summarized in Supplemental Table S1 . B: small intestine nominal (smooth-bore tube) surface area in omnivorous birds and mammals (same symbols and lines as in A). There was no significant difference in slope between birds and nonflying mammals (F1,83 ϭ 2.11; n ϭ 46 species and 41 species in birds and mammals, respectively). When the lines were fit to the common slope of 0.73, the calculated proportionality coefficients (intercept at unity) were: 1.14 for birds and 1.78 for mammals (F1,84 ϭ 17.5). Hence, small intestine nominal surface area in birds is ϳ36% lower than that in nonflying mammals. pathway. Indeed, absorption of toxins might be part of the cost-benefit equation that evolution has balanced in regard to selection for high paracellular absorption. Putative costs, such as toxin absorption, help explain why all species do not rely extensively on this energetically cheap method of matching nutrient absorption to diet nutrient concentration.
Some of the major classes of naturally occurring toxins in plants, such as alkaloids and phenolics (31), include many hydrosoluble compounds in the molecular size range that could access the paracellular space (Table 1) . Nicotine, for example, has a molecular weight of 162 kDa, its cationic forms are water soluble, and it was found to be absorbed by the paracellular pathway in cell culture (TR146 cells) (70) . Although cell culture studies are useful for demonstrating the potential for absorption, whole animal studies complement them by establishing an absolute capacity that can be interpreted within the framework of fluxes of nutrients and toxins. Based on our knowledge of the molecular weight size dependence of paracellular absorption in pigeons (56), we predicted that pigeons would absorb ϳ40% of a dose of nicotine. Using our typical pharmacokinetic approach and area under the curve calculations (see Fig. 3 ), we found that pigeons absorbed 44 Ϯ 3% (n ϭ 6; Cid FD, Caviedes-Vidal E, and Karasov WH, unpublished observations). Our interest in nicotine has a real ecological basis. Nicotine occurs at low concentrations in nectar of tobacco plants, is ingested by nectar-feeding birds, such as sunbirds, that feed on those plants, and has physiological effects on the birds, including reducing their efficiency extracting glucose from nectar (80) . One mechanism underlying this effect is that nicotine decreased the digesta transit time through the sunbirds' intestine, thereby reducing contact time between solute and epithelium. Nicotine is not known to reduce active glucose transport and, in any event, sunbirds seem to rely on the paracellular pathway for glucose absorption (69) .
Some plant toxins do have the potential to reduce mediated glucose transport, and the difference between small birds and nonflying mammals in reliance on paracellular absorption might lead to different sensitivities to their effects. Flavonoids are a class of polyphenolic compounds ubiquitous in higher land plants that have numerous biological effects, including, in some cases, inhibition of glucose absorption by glucose transporters (79) . The most famous examples are phloretin and phloridzin, which are used by membrane physiologists as inhibitors of GLUT-2 and SGLT-1, respectively, in glucose absorption studies with isolated tissue, cell culture, and membrane vesicles. We predicted that phloridzin would also inhibit glucose absorption at the whole animal level when administered at ecological concentrations (we used 10 mM) and that the effects would be more pronounced in nonflying mammals than in birds because the former rely much more on mediated absorption pathway(s). We found that phloridzin inhibited whole animal glucose absorption efficiency by Ͼ 36% in laboratory rats, whereas it did not significantly decrease glucose absorption in American robins [ Fig. 5; (78) ]. Another flavonoid, isoquercetrin, also significantly decreased glucose absorption in rats but not in robins. We think that the greater inhibition of glucose absorption in the rat by these plant secondary metabolites occurs because of their much greater reliance on glucose transporters for intestinal glucose absorption than is the case for robins (cf., Fig. 4) . We do not think that this difference between rat and robin in sensitivity to flavonoids is due to any major difference between them in the types of intestinal glucose transporters. Birds and mammals appear to share the similar suite of intestinal sugar transporters (60, 68) , and another important apical membrane sugar transporter that is phloridzin insensitive, GLUT 5, transports mainly fructose and not aldohexoses in both mammals and birds (29) . Because plant toxins mediate so many interactions between mammals and birds and their plant resources (e.g., leaf, fruit, and seed diet selection, seed and pollen dispersal), physiological differences between mammals and birds in their responses to toxins should have many ecological ramifications (20) .
Absorption and exposure to environmental contaminants. Another avenue of research that imparts ecological relevance to our research on digestive physiology is studies of absorption of environmental contaminants. Absorption is one of several parts of the puzzle that help us predict the exposure of wildlife to these chemicals. Many of the most notorious anthropogenic compounds, such as some chlorinated hydrocarbons (e.g., DDT, polychlorinated biphenyls, dioxins) are expected to cross intestinal epithelia rapidly because they are very lipophilic, having log [octanol/water] partition coefficients (K ow ) in excess of 5 (21) . Methylated mercury, another contaminant of concern, has a lower K ow [Ͻ1; (1)] but must be well absorbed because it bioaccumulates and appears at high concentrations in top wildlife predators around the world (19) . We do not know of any studies of its mechanism of intestinal absorption, although the paracellular pathway could play a role considering the compound's small size and water solubility. We studied its absorption in a top predator, fish-eating common loons (Gavia immer) from fresh-water lakes in Wisconsin. Using the area under the curve methods described above, we found that young loons absorbed 83 Ϯ 3% of a dose administered with a fish meal [ Fig. 6; (28) ]. An added bonus in this study was that the same experiment yielded information on the rate of elimination of the compound, which can be taken as the terminal slope on a semi-log plot (Fig. 6, inset) . Using our measure of absorption, along with measures of elimination and other physiological variables, we constructed and validated in captive loons a model that predicts mercury exposure in wild loons eating fish with different levels of methylated mercury (38) . Regulators can incorporate organismal models such as this into broader ecosystem models that are used to establish safer guidelines for mercury emissions from power plants, which are one of the largest anthropogenic sources for mercury in the environment.
Perspectives and Significance
Ecological physiology, with its organismal perspective, can contribute to physiology, ecology, and to the linking of the two disciplines. Digestive physiology provides many specific examples. The examples of flexibility of the gut illustrate how suborganismal measures can inform ecology about the ability and constraints of animals to respond to ecological challenges, such as changing resource availability. In the future, research on organismal features and their flexibility will be important for predicting wildlife responses to changing habitats due to climate change, human disturbance, and man-made contaminants. The research on paracellular absorption illustrates how whole animal measures can inform physiology about the absolute (actual) capacity of the digestive system, which cannot be easily inferred from strictly molecular studies of tight junction proteins or from studies using cell cultures and isolated tissues. Also, the comparative approach to the study of paracellular absorption has directed our attention to specific animals (bats) that might be very good models for testing specific hypotheses about mechanisms, which is the August Krogh principle in action. The Krogh principle inspires us to see relevance in our physiological/biomedical research on even unconventional organisms. It is also a healthy reminder that there are other ways as well to infuse relevance to research that will appeal to many scientists in other disciplines, such as ecologists, and to fellow citizens in our society. Establishing relevance pays back on a practical level in that it helps us secure funding from society for our scientific programs, and it pays back in the satisfaction of making an important contribution to society. 14 C at each time point (n ϭ 4). When rats are orally dosed with the control treatment (no flavonoids), the plot is characterized by an early rapid increase in plasma 14 C that peaks in ϳ45 min. When rats are orally dosed with the phloridzin treatment (10 mM phloridzin), the plot is instead characterized by an early slower increase in the plasma 14 C that does not peak until after 60 min. Phloridzin significantly inhibited fractional absorption by Ͼ36%. B: absorption of slightly lower than following intravenous administration (OE, solid line). This is because Ͻ100% of the oral dose was absorbed. The amount absorbed (83%) can be calculated by comparing the areas under the two curves. Inset: terminal portion of the curve plotted on a semilog plot, the slope of which yields information on rate of elimination. [Data from Fournier et al. (28)].
